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Accomplishments/New  Findings: 


■  SETs  were  made  by  registered  in-plane  growth  utilizing  tailored  nanoscale  catalyst 
patterns  and  chemical  vapor  deposition. 

■  Metallic  SWCNTs  were  removed  by  an  electrical  bum- in  technique  and  the  common  gate 
hysteresis  was  removed  using  PMMA  and  baking,  leading  to  field  effect  transistors  with 
large  on/off  ratios  up  to  105. 

■  Further  segmentation  into  200  nm  short  semiconducting  SWCNT  devices  created 
quantum  dots  which  display  conductance  oscillations  in  the  Coulomb  blockade  regime. 

■  The  demonstraton  of  registered  in-plane  growth  opens  possibilities  to  create  novel  SET 
device  geometries  which  are  more  complex,  i.e.  laterally  ordered  and  scalable,  as 
required  for  advanced  quantum  electronic  devices. 

■  Conductivity  oscillations  were  observed  with  aperiodic  spacing  to  only  one  side  of  the 
tunneling  current  in  a  dual-gated  graphene  field  effect  transistor  with  an  n-p-n  type 
potential  barrier.  This  observation  is  of  importance  for  future  development  and  modeling 
of  graphene  based  nanoelectronic  devices. 

■  Raman  spectroscopy  was  used  to  monitor  the  composition  of  graphene’s  zigzag/armchair 
edges.  The  polarization  contrast  reflects  the  fractional  composition  of  armchair  and 
zigzag  edges,  providing  a  monitor  of  edge  purity,  which  is  an  important  parameter  for  the 
development  of  efficient  nanoelectronic  devices. 

■  To  elucidate  the  role  of  the  localized  edge  state  density,  we  fabricated  dye  sensitized 
antidot  superlattices,  i.e.  nanopattemed  graphene.  The  fluorescence  from  deposited  dye 
molecules  was  found  to  quench  strongly  as  a  function  of  increasing  antidot  filling 
fraction,  whereas  it  was  enhanced  in  unpattemed  but  electrically  back-gated  samples. 

■  Our  study  provides  new  insights  into  the  interplay  of  localized  edge  states  in  antidot 
superlattices  and  the  resulting  band  bending,  which  are  critical  properties  to  enable  novel 
applications  of  nanostructured  graphene  for  light  harvesting  and  photovoltaic  devices. 
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Summary 


The  major  objective  of  this  project  is  to  investigate  carbon-based  transistor  devices  for 
nanoelectronics  and  optoelectronics.  Firstly,  we  developed  a  registered  chemical  vapor 
deposition  (CVD)  growth  method  to  form  in-plane  SWCNTs  between  predefined  nanoscale 
catalyst  patterns.  We  furthermore  developed  a  technique  to  purify  the  SWCNT  chirality  after 
growth  by  eliminating  metallic  tubes  and  preserving  semiconducting  tubes,  leading  to  SWCNT 
field-effect  transistors  with  current  on/off  ratios  up  to  105.  These  devices  were  than  transformed 
into  quantum  dot  (QD)-based  single  electron  transistor  (SET)  devices  by  reducing  the  contact 
spacing.  Pronounced  conductance  oscillation  signatures  were  found  in  the  Coulomb  blockade 
regime  demonstrating  that  the  SWCNT-QD  device  operates  as  an  SET  up  to  temperatures  of 
about  200  K.  Secondly,  we  fabricated  and  characterized  dual-gated  graphene  field  effect 
transistors  (GFET)  as  an  alternative  approach.  In  particular,  we  investigated  a  quasiballistic 
GFET  with  an  additional  n-p-n  type  potential  barrier  and  observed  aperiodic  conductivity 
oscillations  to  only  one  side  of  the  tunneling  current.  The  spacing  and  width  of  these  oscillations 
were  found  to  be  inconsistent  with  pure  Fabry-Perot-type  interferences  fringes  of  electron  waves, 
but  are  in  quantitative  agreement  with  theoretical  predictions  that  attribute  them  to  resonant 
tunneling  through  quasibound  impurity  states  within  the  barrier.  This  observation  may  be 
understood  as  a  novel  signature  of  Klein  tunneling  in  graphene  heterojunctions  and  is  of 
importance  for  future  development  and  modeling  of  graphene  based  nanoelectronic  devices. 
Thirdly,  we  carried  out  polarization-resolved  p- Raman  experiments  performed  at  the  edges  of 
bilayer  graphene  flakes.  We  found  a  strong  dependence  of  the  intensity  of  the  G  band  on  the 
incident  laser  polarization,  with  its  intensity  dependence  being  90°  out  of  phase  for  the  armchair 
and  zigzag  case,  in  accordance  with  theoretical  predictions.  For  the  case  of  mixed-state  edges  we 
demonstrate  that  the  polarization  contrast  reflects  the  fractional  composition  of  armchair  and 
zigzag  edges,  providing  a  monitor  of  edge  purity,  which  is  an  important  parameter  for  the 
development  of  efficient  nanoelectronic  devices.  Finally,  to  elucidate  the  role  of  the  localized 
edge  state  density,  we  fabricated  dye  sensitized  antidot  superlattices,  i.e.  nanopattemed  graphene. 
The  fluorescence  from  deposited  dye  molecules  was  found  to  quench  strongly  as  a  function  of 
increasing  antidot  fdling  fraction,  whereas  it  was  enhanced  in  unpattemed  but  electrically  back- 
gated  samples.  This  contrasting  behavior  is  strongly  indicative  of  a  built-in  lateral  electric  field 
of  up  to  260  mV  accounting  for  p-type  doping  as  well  as  fluorescence  quenching  due  to 
dissociation  of  electron-hole  pairs  from  attached  dye  molecules.  Our  investigation  provides  new 
insights  into  the  interplay  of  localized  edge  states  in  antidot  superlattices  and  the  resulting  band 
bending,  which  are  critical  properties  to  enable  novel  applications  of  nanostructured  graphene  for 
light  harvesting  and  photovoltaic  devices. 
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1.  Research  Objectives 


The  major  objective  of  this  project  is  to  investigate  carbon-based  nanostructures  for 
nanoelectronics  and  optoelectronics.  The  in-plane  semiconducting  SWNT  structures  directly 
grown  from  catalyst  patterns  were  studied  for  their  quantized  electron  energy  properties  (Figure 
1).  The  initial  research  plans  are:  1)  Synthesize  SWNTs  aligned  with  patterned  catalyst  tips;  2) 
Create  semiconducting  SWNT-based  QDs;  and  3)  Study  quantized  electron  energy  properties  of 
SETs.  Additional  experiments  were  performed  on  graphene  FET  devices  and  antidote  structures. 


Figure  1.  Conceptual  schematic  of  the  proposed  SWNT-QD  device. 


2.  Technical  Results 
2.1.  CVD  growth  of  CNTs 

We  have  developed  a  chemical  synthesis  method  of  metal  oxide  nanoparticles,  and  a  site-specific 
patterning  of  catalyst  dots  using  a  nanoimprinting  technique.  The  patterns  were  defined  in  part 
by  an  etch  mask  in  the  form  of  a  high  quality  aluminum  (Al)  film.  A  gas  mixture  for  reactive  ion 
etching  (RIE)  was  composed  of  pure  chlorine  to  argon  in  the  ratio  of  1:0.2  while  using  300-400 
Watts.  The  RIE  power  with  600  Watts  Induction  Coupling  Plasma  (ICP)  power  was  found  to  be 
an  optimum  condition  for  fused  silica  material.  The  addition  of  argon  gas  to  C4F8  was  found  to 
contribute  to  the  anisotropic  etching,  and  resulted  in  vertical  sidewall  profiles  inevitable  for  an 
effective  lift-off  process.  Following  the  plasma  enhanced  formation  of  silicon  oxide  and  fluorine 
ions,  volatile  products  of  Si-fluorides  were  formed  and  driven  away  at  elevated  temperature. 
Fe(C03)5  in  octyl  ether  and  oleic  acid  for  2  hour  at  140°C  followed  by  reflux  for  1  hour  at  350°C. 
The  Fe  nanoparticles  were  oxidized  by  adding  trimethyl  amine  N-oxide  and  heating  at  140°C 
followed  by  reflux  for  1  hour.  The  resulting  Fe-oxide  nanoparticles  were  precipitated  using 
ethanol.  CNTs  tend  to  grow  perpendicular  to  the  local  substrate  surface  if  the  catalyst  material  is 
damaged  by  heat  during  the  CNT  growth.  This  indicates  capping  a  catalyst  layer  is  necessary  to 
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grow  CNTs  laterally  across  a  patterned  trench.  After  we  made  experiments  with  various 
thicknesses  of  high-melting  point  metallic  thin  films,  about  20  nm  thick  niobium  (Nb)  layer 
deposited  in  catalyst  material  was  found  to  avoid  vertical  growth  of  CNTs.  Optimized  growth 
process  enabled  growth  of  SWNTs  using  low-pressure  CVD  with  a  methane-hydrogen  mixture 
(CH4:H2  =  8: 1),  pressures  of  5-8  torr,  and  typical  growth  temperatures  of  750-800°C. 


2.2  Segmentation  of  SWNTs 


We  have  created  CNT  sections  down  to  58  nm  feature  sizes,  and  are  in  the  process  of  varying 
patterning  parameters  to  find  the  optimal  patterning  conditions  to  create  <20  nm  features. 
Oxidation  parameters  that  were  varied  were  voltage,  tip-substrate  distance  (setpoint),  and  tip 
speed  (or  holdtime  per  pixel)  under  high  (>60%)  and  low  (40%)  relative  humidity  conditions. 
The  dependent  parameter  was  feature  size  (depth  and  width)  of  the  oxidized  sample.  In  the 
oxidation  experiments,  voltage  was  varied  from  -2  to  -10V,  setpoint  from  20  to  160  nm,  and  tip 
speed  from  .1  to  1.7  pm/s.  Decreasing  absolute  voltage  oxidizes  a  smaller  number  of  carbon 
atoms  such  that  less  carbon  material  is  removed  per  pixel.  Increasing  setpoint  requires  that  the  tip 
move  vertically  further  away  from  the  CNT  thereby  stretching  the  condensed  water  meniscus 
and  reducing  its  x-y  dimensions,  again  removing  less  carbon  material  per  pixel.  With  decreased 
hold  time  (or  increased  speed),  the  tip  spends  less  time  oxidizing  per  pixel,  creating  smaller 
features.  Finally,  decreasing  humidity  before  a  threshold  of  20%  simply  means  the  water 
meniscus  grows  smaller  and  smaller  which  again  implies  reduced  oxidation  area.  Figure  2  shows 
schematic  diagram  of  AFM  oxidation  lithography  setup.  An  external  voltage  source  is  used  to 
ground  the  CNT  and  negatively  bias  the  AFM  tip.  Figure  3  depicts  feature-width  dependence  of 
(a)  CNT  and  (b)  few  layer  graphene  on  AFM  tip  speed. 
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Figure  2.  Schematic  diagram  of  AFM  oxidation  lithography  setup.  An  external  voltage  source  is  used  to 
ground  the  CNT  and  negatively  bias  the  AFM  tip.  The  water  meniscus,  which  naturally  condenses  around 
the  tip,  and  CNT  facilitates  local  oxidation  of  the  CNT  upon  application  of  the  electric  field.  The  figures 
on  the  right  illustrate  the  difference  between  dot  patterns  and  line  scans  during  oxidation.  Dot  patterns 
(top)  involve  holding  the  tip  stationary  at  a  point  above  the  CNT  (hold  time  position)  and  applying 
voltage  to  fabricate  the  patterns,  while  line  scans  (bottom)  involve  scanning  the  tip  perpendicularly  across 
the  CNT  at  a  constant  tip  speed  and  applying  continuous  voltage. 
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Figure  3.  Feature-width  dependence  of  (a)  CNT  and  (b)  few  layer  graphene  on  AFM  tip  speed.  In  (a),  as 
tip  speed  decreases  and  thus  hold  time  per  pixel  increases,  more  carbon  material  is  oxidized.  Smaller 
feature  sizes  can  be  achieved  for  relatively  fast  tip  speeds  (1.00-1.50  //m/s)  corresponding  to  short  hold 
times.  This  trend  is  seen  in  (b)  for  slower  tip  speeds  (0.03-0.06  //m/s)  corresponding  to  longer  hold  times, 
but  the  feature-size  dependence  becomes  inconsistent  approaching  faster  tip  speeds  (above  0.06  //m/s.) 
This  behavior  is  attributed  to  the  hydrophobicity  of  graphene,  especially  under  low  humidity  conditions. 


Our  initial  plan  was  to  create  QDs  using  AFM-based  local  anodic  oxidation.  While  we  plan  to 
reduce  feature  size  by  further  finding  the  optimal  range  of  voltage,  holdtime,  setpoint  and 
humidity,  we  learned  that  it  is  extremely  difficult  and  inefficient  to  create  QDs  using  this 
method.  Therefore,  in  the  future  the  QDs  will  be  created  using  top-gated  SWNTs  to 
electrostatically  confine  electrons  using  lOnm  wide  top  gates.  As  a  pathfinder  approach,  in  this 
work,  we  created  a  short  CNT-QD  device  by  reducing  the  contact  spacing  from  2000  nm  to  200 
nm:  As  is  well  known,  SWNTs  with  any  type  of  chirality  being  either  metallic  or  semiconducting 
or  even  multiwall  CNTs  can  operate  as  an  SET  if  the  device  temperature  is  low  enough,  i.e. 
lower  than  the  quantized  level  spacing  and  the  charging  energy.  For  CNTs  which  are  several 
microns  long  between  the  source-drain  contacts  the  SET  effect  can  only  be  observed  at  milli 
Kelvin  temperature  due  to  the  small  confinement  energies  of  the  CNT.  In  effect  the  Schottky 
barriers  at  the  contacts  define  the  quantization  along  the  wire  direction.  We  identified  a 
semiconducting  SWCNT  bridging  the  2  micron  gap  between  contacts  and  added  extra  electrodes 
as  shown  in  Figure  4.  These  electrodes  effectively  shorten  the  segment  length  by  one  order  of 
magnitude  down  to  200  nm.  The  larger  confinement  energy  allows  SET  measurements  at  5K. 
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Figure  4:  Fabricated  preliminary  SET  structure  with  a  200  nm  SWNT  segment  acting  as  a  quantum  dot. 
The  added  smaller  electrodes  effectively  reduce  the  CNT  segment  length  from  the  2  pm  as  grown  over 
the  electrode  gap  down  to  200  nm. 

2.3  Experimental  techniques:  In  order  to  characterize  electron  transport  properties  in 
nanoelectronic  devices  made  from  CNTs  and  graphene  we  have  developed  two  methods  to 
analyze  the  transconductance  behavior.  The  first  technique  measures  directly  the  source-drain 
current  ISd  as  a  function  gate  voltage  Vg  and  the  second  technique  measures  the  differential 
conductance  &H&V  as  a  function  of  source-drain  voltage  Vsd  and  gate  voltage. 

The  direct  current  measurements  were  performed  with  two  Keithley  2400  SourceMeters 
interfaced  with  LabView.  The  technique  is  however  limited  by  the  minimum  current  resolution 
of  50  pA  and  thus  not  suitable  to  fully  resolve  the  on-off  ratio  of  FETs  or  single  electron 
transport  signatures.  To  further  improve  the  technique  we  have  recently  used  a  current  meter 
with  higher  sensitivity  and  integrated  it  with  a  home-built  electronic  circuit  and  pre-amplifier 
into  the  setup.  This  system  achieved  a  sensitivity  down  to  about  800  fA  which  is  sufficient  to 
resolve  single  electron  charging  in  the  coulomb  blockade  regime. 
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The  second  technique  utilizes  a  two-wire  probe  technique  to  directly  determine  the  conductance 
dl/dV  of  the  device  under  test  as  a  function  of  VSd  and  Vg.  Since  the  resistance  of  the  device  in 
the  Coulomb  blockade  regime  is  sufficiently  large  compared  to  the  contact  resistance  the 
differential  technique  can  be  implemented  by  modulating  the  source-drain  voltage  at  a  fixed 
frequency  (13Hz)  and  probing  the  resulting  alternating  source-drain  current  with  a  lock-in 
amplifier.  We  used  a  Stanford 
Research  Systems  SR830  lock-in 
Amplifier  and  constructed  a 
voltage  divider  circuit  which  adds 
the  DC  and  the  AC  stimulous  as 
shown  schematically  in  Figure  5. 

The  lock-in  was  interfaced  with 
LabView  and  the  voltage  sources 
for  VSd  and  Vg.  The  adder  circuit 
acts  as  a  1000:1  voltage  divider  for 
the  ac  signal  and  a  100:1  divider 
for  the  dc  signal.  The  composite 
AC+DC  signal  was  applied  to  the 
source  side  of  the  device.  The  drain 
was  fed  back  into  the  lock-in  for 
the  current  d I  measurement.  The 
gate  was  biased  by  another 
Keithley  2400  with  respect  to  the 
common  ground. 

To  carry  out  low-temperature 
measurements  in  a  cryostat  the 
device  bond  pads  were  connected  to  the  chip  carrier  bond  pads  using  25  pm  Au  wires.  We  found 
that  it  is  essential  to  have  a  good  grounding  scheme  for  both,  the  wire  bonding  process  and  the 
cryostat  loading  procedure  (electrostatic  discharge).  If  the  wire  bonder  is  operated  in  the  standard 
mode  where  it  applies  an  ultrasonic  stimulus  to  the  bond-tip  the  resulting  current  can  destroy  the 
nanostructures.  We  thus  modified  the  system  to  bond  with  heat  (~100°  C)  and  force  only  while 
grounding  the  bond-tip.  This  technique  worked  successful  when  utilizing  200  nm  thick  Cr/Au 
metallization  for  the  CNT  bond  pads. 

2.4  Transformation  of  CNT  arrays  into  FET  devices  with  high  on-off  ratios:  CNTs  display 
either  metallic  or  semiconducting  properties  corresponding  to  their  chirality,  which  cannot  be 
perfectly  controlled  in  the  CVD  growth  process.  We  have  previously  reported  a  detailed  study  of 
the  transport  characteristics  of  the  CNT-FETs  as  a  function  of  the  number  of  CNTs  bridging  the 
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Figure  5:  Schematic  of  the  developed  two- wire  lock-in 
technique.  The  AC  signal  from  the  lock-in  was  divided  down 
and  combined  with  a  DC  stimulus  from  a  programmable 
voltage  source  and  the  resulting  AC  current  was  detected  with 
a  lock-in  amplifier. 
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contact  gap  [1].  Devices  containing  more  than  10  CNTs  usually  display  CNT-FET  on/off  ratios 
of  less  than  2.  Better  results  have  been  achieved  for  smaller  devices  containing  only  3  CNTs 
displaying  on/off  ratios  up  to  370  at  room  temperature.  Such  relatively  low  on/off  ratio  exists 
because  CNT  arrays  contain  both  metallic  and  semiconducting  CNTs.  Metallic  CNTs  give  rise  to 
a  non-vanishing  off-state  current,  which  masks  the  high  on/off  ratio  of  the  semiconducting  CNTs. 
Since  the  metallic  CNTs  cannot  be  fully  avoided  in  the  CVD  growth  we  have  developed  a 
technique  to  controllably  break  metallic  CNTs  on  large  arrays  without  affecting  the 
semiconducting  ones.  Since  the  metallic  tubes  in  mixed  arrays  are  detrimental  for  the  device 
performance,  an  improvement  FET  performance  is  expected.  Figure  6  (a)  shows  a  plot  of  the 
source-drain  current  Isd  versus  source-drain  voltage  F„/  sweeps.  The  back  gate  was  held  constant 
at  Vg=  +20  V  to  switch  the  p-type  semiconducting  CNTs  into  their  off-state.  This  prevents 
current  flow  through  semiconducting  CNTs  and  protects  them  from  burning  in  the  electrical 
breakdown  procedure. 


Figure  6:  (a)  Plot  of  source-drain  current  /„/  versus  source-drain  voltage  !  ’„/  for  the  whole  breakdown 
procedure,  (b)  Characteristic  of  source-drain  current  Is,i  versus  gate  voltage  Vg before  and  after  breakdown 
procedure.  The  on-state  current  was  decreased  due  to  the  elimination  less  conducting  channel,  but  the 
on/off  ratio  was  improved  up  to  104. 

Several  breakdown  events  are  visible  at  higher  voltages.  In  order  to  eliminate  all  the  metallic 
CNTs,  we  increased  Vsd  until  the  first  metallic  CNT  broke.  The  whole  breakdown  procedure  was 
monitored  by  plotting  the  real-time  current  value.  Once  the  current  starts  to  fall,  we  stopped 
increasing  Vxj  to  prevent  further  damage.  The  next  breakdown  attempt  starts  from  zero  bias 
voltage  until  another  metallic  CNT  breaks.  After  each  breakdown,  a  characteristic  Isd  versus  Vg 
sweep  was  performed  to  examine  the  on/off  ratio  improvement.  Figure  6  (b)  shows  the  result 
after  the  first  and  last  break-in  event,  while  steps  in  between  are  not  shown.  The  initial  Isd  versus 
Vg  curve  in  Figure  6  (b)  recorded  at  100  mV  Vsd  shows  a  rather  small  on/off  ratio  of  about  2. 
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When  all  metallic  CNTs  were  removed,  the  field  effect  behavior  of  the  device  is  dramatically 
enhanced  and  FET  on/off  ratio  improved  in  the  best  case  by  5  orders  of  magnitude  to  about  to 
105.  We  have  therefore  successfully  transformed  mixed  CNT  arrays  into  pure  arrays  of 
semiconducting  SWNTs  with  high  on/off  ratios. 

2.5.  Control  of  conductance  hysteresis  in  CNT  FETs:  The  semiconducting  SWNT  FETs  created 
by  the  technique  described  in  Section  2.2  have  outstanding  electrical  properties.  While  it  is 
possible  to  create  only  one  SWNT  between  an  electrode  pair  by  further  reducing  the  electrode 
size,  we  have  initially  investigated  arrays  with  larger  electrodes  with  typically  10-20  SWNTs 
grown  over  the  2  micron  contact  spacing.  Therefore,  several  semiconducting  SWNTs  contribute 
after  bum- in  to  the  total  current  in  the  on-state  which  reaches  0.1  pA  under  100  mV  source-drain 
voltage.  The  on-state  current  varies  linearly  with  the  source-drain  voltage  and  highest  on-state 
currents  of  about  1  pA  have  been  achieved  at  about  IV  bias  voltage  (not  shown),  corresponding 
to  on/off  ratios  approaching  105.  These  values  are  among  the  highest  reported  for  CNT  FETs 
which  are  back  gated.  Further  improvement  can  only  be  achieved  by  top  gating  with  thin  high-k 
dielectrics.  Despite  these  outstanding  transport  properties,  our  fabricated  devices  suffer  from  gate 
hysteresis.  The  gate  hysteresis  causes  the  transconductance  characteristics  of  the  CNT-FETs  to 
be  strongly  affected  by  the  sweep  direction  of  the  gate  voltage,  i.e.  sweeping  from  negative  to 
positive  voltages  or  sweeping  backwards  results  in  different  characteristics. 

The  hysteresis  effects  do  not  only  depend  on  the  Ng  sweep  direction,  but  they  also  depend  on  the 
chosen  sweep  range  and  sweep  time.  The  larger  the  sweep  range  the  larger  the  hysteresis  effect 
(data  not  shown  here).  As  is  well  known,  the  hysteresis  is  caused  by  charge  trapping  within  the 
local  CNT  environment  and  is  absent  on  elevated  CNTs  bridging  an  air  gap.  In  particular,  it  is 
not  only  affected  by  moisture  in  ambient  conditions  but  also  by  the  SiC>2  surface-bound  water 
attached  to  the  silane  groups  proximal  to  the  nanotubes  [6],  Figure  7  (a)  shows  the  hysteresis 
sweep  of  an  uncapped  device  measured  in  ambient  atmosphere  under  a  gate  sweep  range  from  - 
10  V  to  +  10  V.  As  can  be  seen,  the  threshold  voltage  for  the  on/off  FET  effect  switching 
changes  by  more  than  8V.  This  hysteresis  makes  it  nearly  impossible  to  operate  the  FET  as  a 
SET  device. 
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Figure  7:  Characterization  of  gate  hysteresis,  (a)  /,,/  versus  Vg  in  forward  and  backward  sweep  direction 
on  the  uncapped  device.  Same  sweep  for  a  PMMA  coated  device  held  in  air  at  RT  (b),  under  vacuum  at 
RT  (c),  and  at  liquid  nitrogen  temperatures  (d).  All  data  are  recorded  with  100  mV  source-drain  bias. 

In  order  to  eliminate  hysteresis  we  developed  a  procedure  following  the  work  by  Kim  et  al.  [2], 
Samples  have  been  capped  by  PMMA  followed  by  baking  on  a  hot  plate  at  150  °C  for  several 
days  in  ambient  air  to  remove  surface-bound  water  molecules.  The  PMMA  furthermore 
effectively  encapsulates  the  CNT  from  the  environment  making  measurements  reproducible 
Figure  7  (b)  shows  a  gate  sweep  of  the  same  device  capped  by  PMMA  and  baked  out  while  held 
in  air.  The  magnitude  of  hysteresis  was  reduced  to  about  4  V  and  the  current  in  the  on-state  was 
identical.  Figure  7  (c)  demonstrates  a  further  reduction  of  that  gate  hysteresis  if  the  device  is 
wire  bonded  and  measured  in  vacuum,  were  the  voltage  shift  was  further  reduces  to  about  2V. 
We  also  observed  that  the  sample  is  less  affected  by  the  sweep  range.  Even  though  the  nanotube 
was  covered  by  PMMA,  measurements  show  that  vacuum  environment  can  further  reduce  the 
hysteresis  effect,  indicating  that  the  PMMA  layer  acts  as  a  permeable  membrane.  After  cooling 
the  device  to  80  K  we  observed  a  near-zero  hysteresis  effect  in  the  same  device  as  shown  in 
Figure  7  (d).  Since  residual  mobile  charges  are  frozen  out  at  low  temperature  the  local  CNT 
environment  is  less  affected  by  changing  the  applied  gate  voltage  direction.  In  conclusion,  the 
hysteresis  was  strongly  reduced  utilizing  the  PMMA  coating  and  baking  technique  and  by 
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cooling  the  device  down  to  liquid  nitrogen  temperatures.  This  successful  reduction  in  hysteresis 
has  finally  allowed  us  to  measure  SET  behavior  in  our  CVD  grown  CNT-QD  devices. 

2.6.  Electrical  characterization  of  CNT-FET  devices  operating  as  SET  up  to  200  K:  As 
described  in  Section  2.2,  we  have  fabricated  a  QD  device  by  reducing  the  contact  spacing  from 
2000  nm  to  200  nm.  The  as-grown  array  containing  about  20  CNTs  was  first  burned- in  to  obtain 
pure  semiconducting  SWNTs  arrays  and  the  gate  hysteresis  effect  was  removed  using  the 
PMMA  coating  technique.  After  that  one  particular  semiconducting  SWNT  was  identified  in 
SEM  and  its  contact  spacing  was  reduced  to  200  nm.  While  we  still  measure  on  a  device  with 
about  20  semiconducting  SWNTs  across,  the  transport  signatures  are  expected  to  be  dominated 
by  the  SET  behavior  of  the  shortened  SWNT  and  the  remaining  2  micron  long  semiconducting 
SWNTs  are  silent  in  their  off  state. 

Figure  8  shows  the  SET  conductance  oscillation  signatures  recorded  at  5.2K  base  temperature  of 
the  liquid  Helium  flow  cryostat.  As  shown  in  Figure  8  (a),  electron  transport  over  the  discrete 
QD  states,  which  are  spaced  out  by  AE,  can  be  controlled  by  changing  the  transport  window 
width  (EFs-EFD),  which  is  defined  by  the  difference  in  Fermi  levels  between  source  and  drain. 
The  larger  this  energy  difference,  which  scales  linearly  with  Vsd,  the  larger  the  number  of 
transport  channels  contributing  to  the  observed  current.  In  addition,  with  each  additional  electron 
located  on  the  QD  the  electrostatic  potential  energy  Uo  increases,  which  affects  the  single 
electron  transport.  Therefore,  the  conduction  oscillations  vanish  with  increasing  source-drain 
voltage  as  shown  in  Figure  8  (b).  This  is  in  agreement  with  the  expected  closing  of  the  Coulomb 
diamonds  typically  observed  when  plotting  the  conductance  as  a  function  of  source-drain  voltage 
and  gate-voltage.  The  role  of  the  gate  voltage  is  to  tune  the  QD  DOS  through  the  transport 
window  defined  by  the  source-drain  voltage.  As  a  result,  conductance  oscillations  are  observed 
in  Figure  8  (b-d).  For  the  larger  transport  of  1.5  mV  highlighted  in  Figure  8  (c)  the  discrete 
electron  jumps  appear  more  as  a  step  function  since  the  transport  window  is  broad  enough  to 
allow  several  transport  channels  to  contribute  simultaneously.  Thus,  the  current  does  not  go 
down  in  between  each  step.  At  the  smaller  transport  window  highlighted  in  Figure  8  (d)  the 
conductance  oscillations  appear  more  like  discrete  peaks,  since  the  window  is  small  enough  that 
only  individual  energy  levels  contribute  to  the  total  current.  It  is  observed  that  the  overall  spacing 
of  the  Coulomb  blockade  peaks  is  not  constant  at  fixed  Vsd  but  slightly  anharmonic.  This  effect 
can  have  several  reasons:  First,  there  is  still  a  residual  hysteresis  since  this  device  was  only 
annealed  for  12  hrs.  Thus  the  frozen  charges  can  affect  the  harmonicity  of  the  energy  level 
spacing.  Second,  the  particular  device  contains  other  2  micron  long  semiconducting  CNTs  which 
can  contribute  to  the  total  current.  And  third,  the  200  nn  long  segment  is  still  long  enough  to 
allow  formation  of  several  QDs  along  the  segment  during  the  carrier  freeze  out  which  have  a 
nonlinear  interplay  and  level  spacing. 
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Figure  8:  Characterization  of  SET  performance,  (a)  Energy  diagram  for  Coulomb  blockade  illustrating 
the  transport  window  (Efs-EFd),  the  QD  energy  spacing  AE  and  potential  energy  Uo  which  increases  for 
each  additional  loaded  electron,  (b)  ./„/  versus  !  sweeps  showing  Coulomb  oscillations  which  vanish  at 
higher  VSd  bias.  (b).  Panels  (c)  and  (d)  highlight  two  traces  taken  at  VSd  =  1.5  mV  (c)  and  VSd  =  0.5  mV  (d). 
All  measurements  are  carried  out  at  5.2K. 

In  addition,  Figure  9  shows  a  temperatures  dependent  study  of  the  Coulomb  oscillation  sin  the 
SER  device.  Pronounced  peaks  related  to  single  electron  effects  are  visible  up  to  temperatures  of 
about  200  K.  At  higher  temperatures  the  thermal  energy  is  larger  than  the  combined  values  of 
charging  energy  and  quantum  dot  level  spacing  such  that  the  signatures  start  to  disappear. 
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Figure  9:  Dependence  of  Coulomb  blockade  oscillations  on  temperature  recorded  at  a  source-darin 
voltage  of  0.5  meV.  Pronounced  single  electron  signatures  are  visible  up  to  about  200  K. 


2.7.  Graphene  FET 


Graphene  is  a  novel  material  related  to  carbon  nanotubes  displaying  similar  electronic  properties 
such  as  ballistic  transport,  high  mobility,  and  a  field  effect.  The  2D  character  of  monolayer 
graphene  makes  combined  with  the  possibility  to  fabricate  nanostructures  of  arbitrary  shapes  in 
large  quantity  at  predefined  positions  using  electron  beam  lithography  makes  graphene  a 
promising  alternative  to  CNT-based  nanoelectronic  devices.  We  have  thus  explored  possibilities 
to  realize  nanostructures  with  similar  functionality  as  compared  to  the  CNT-FETs  and  CNT- 
SETs  described  above  with  the  goal  to  overcome  the  problem  of  scalability  and  chirality  inherent 
to  carbon  nanotues. 


In  particular,  we  explored  nanofabricated  graphene -based  double-gated  FETs  in  order  to  study 
ballistic  transport  and  electron  phase  coherence  to  realize  novel  sensors  based  on  electron  wave 
interference  effects.  As  a  result  towards  the  exploitation  of  the  proposed  graphene  memory 
concept,  we  have  successfully  fabricated  and  characterized  a  ballistic  Klein  transistor  (Figures 
10  and  11).  In  this  device,  the  top-gate  was  electrically  isolated  from  the  graphene  layer  by  a 
lOnm  AI2O3  gate  oxide.  Independent  biasing  of  the  local  top-gate  with  respect  to  the  back-gate 
created  the  desired  n-p-n  regions,  by  way  of  electrostatic  confinement,  which  defines  an  FET 
within  the  graphene  layer  as  illustrated  in  Figure  11  (a).  The  global  back-gate  of  the  device  was 
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used  to  position  the  Fermi  level  in  the  entire  device  at  the  Dirac  point,  while  the  local  top  gate 
was  used  to  induce  a  potential  barrier,  thereby  creating  the  n-p-n  regions  in  the  device. 

The  measured  I-  VTg 
characteristic  of  the 
device  in  Figure  11  (a) 
shows  evidence  of 
chiral  Klein  tunneling  - 
an  increase  in  tunnel 
current  through  the 
local  potential  barrier 
with  increasing  barrier 
height  past  a  minimum 
point,  a  process  that  is 
only  possible  in  the 
ballistic  transport 

regime.  The  seemingly 
paradoxical  increase  in  the  tunneling  current  as  a  function  of  an  increasing  energy  of  the 
electrostatic  barrier  can  be  understood  in  terms  of  chiral  tunneling  across  the  barrier. 
Furthermore,  the  minimum  of  the  source-drain  current  decreases  the  closer  the  back  gate  voltage 
is  to  the  charge  neutrality  condition  in  the  n  region,  as  indicated  by  the  dotted  line  in  Figure  11 
(a).  The  observation  of  Klein  tunneling  in  these  structures  is  useful  in  ascertaining  the  ballistic 
mean  free  path.  One  can  infer  from  the  data  that  the  ballistic  mean  free  path  is  larger  or  equal  to 
100  nm,  which  is  the  tunnel  length  as  defined  by  the  top-gate  length;  modeling  efforts  are 
underway  to  better  understand  the  device  performance. 


Figure  10:  High-resolution  optical  microscope  images  of  a  fabricated 
double-gated  graphene  FET.  Two  source  and  two  drain  contacts  have 
been  made  to  allow  four-point  probing.  The  fifth  contact  in  the  middle 
forms  a  top-gate  separated  by  a  10  nm  AI2O3  gate  oxide.  The  size  of  the 
graphene  flake  is  about  2x1 0  pm.  [3] 
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Figure  11:  a)  Schematic  of  the  device  and  biasing  scheme,  which  gives  rise  to  the  electrostatic  barrier 
configuration  as  shown  in  b).  Characteristic  asymmetrical  conductance  oscillations  on  only  one  side  of 
the  tunneling  current  are  observed  as  a  function  of  top  gate  bias  c)  and  are  indicative  of  Klein  tunneling. 
A  further  indication  and  differentiation  from  Fabry-Perot  oscillations  are  the  magnitude  and  spacing  of 
the  peaks  as  shown  in  d). 

2.8.  Atomically  Precise  Etching  of  Graphene 

Narrow  GNRs  have  a  bandgap  inversely  proportional  to  the  width  of  the  GNR.  Here,  a  key 
fabrication  challenge  for  GNR  devices  is  the  reduction  of  edge  disorder  (formation  of  a  mixture 
of  zigzag  and  armchair  edges  and  widths  that  vary  along  the  ribbon  length)  [4],  Recently,  the  Pis 
have  successfully  demonstrated  atomically  precise  cutting  of  graphene  patterns  to  create  GNRs 
with  specific  boundaries  (Figure  12).  The  preferential  nanomachining  technique  will  enable  the 
atomically  precise,  directional  cutting  of  graphene  layers.  Therefore,  in  addition  to  pursuing  the 
conventional  EBL  process  to  pattern  GNR  structures,  we  have  developed  an  alternative, 
chemical  vapor  deposition  (CVD)-based  nanocutting  process  [5,  6],  When  a  metal  nanoparticle  is 
formed  at  an  edge  of  graphene  at  high  temperature,  a  hydrogenation  process  is  initiated  to  move 
the  particle  along  the  directions  of  symmetric  axes  (zigzag  or  armchair)  via  a  “minimum  energy” 
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path.  Hydrogen  atoms  are  absorbed 
on  the  surface  of  the  metallic 
particle,  and  combined  with  the 
carbon  atom  eject  from  the 
graphene  surface,  leading  to 
atomically  precise  cutting. 

2.9.  Edge  State  Determination  and 
Monitoring  Edge  Chirality  with 
Raman  Spectroscopy 


An  important  requirement  to  Figure  12:  Recent  results  by  the  PI  group  on  atomically 

.  .  .  ,  •  ,  ,  •  precision  etching  of  graphene  [4] 

maximize  the  achievable  strain 

tuning  effect  is  that  the  edge  states 

of  the  GNR  must  be  predominantly 

of  armchair-type  since  the  strain-induced  formation  of  a  bandgap  is  a  much  smaller  effect  in  the 
zigzag  type  edges  as  compared  to  armchair  edges  [7],  To  this  end,  the  characterization  of  the 
degree  of  the  edge  state  purity  created  in  the  fabrication  process  is  critical.  The  Pis  have  recently 
demonstrated  a  novel  technique  based  on  Raman  spectroscopy  which  is  capable  of  providing  the 
fractional  degree  of  the  edge  composition  [8],  To  this  end  we  have  first  identified  the  number  of 
graphene  layers  in  exfoliated  flakes  using  the  Raman  shift  of  the  G’-band.  Since  the  G’-band  is  a 
result  of  multi-phonon  scattering,  the  resultant  spectrum  is  a  convolution  of  several  phonon 
modes.  The  anisotropic  shift  of  the  constituent  phonon  modes  results  in  a  deviation  from  the 
Lorentzian  line  shape,  which  changes  as  a  function  of  the  number  of  graphitic  layers,  as  shown  in 
Figure  13. 


In  order  to  investigate  the  correlation  between  graphene’s  edge  chirality  and  the  corresponding 
Raman  signatures,  graphene  flakes  were  mechanically  exfoliated  from  natural  graphite  and 
deposited  onto  pre-pattemed  p+  silicon  wafer  with  a  thermally  grown  300  nm  silicon  oxide. 
Room  temperature  Raman  spectra  were  obtained  using  a  2.33  eV  laser  diode  focused  down  to 
about  2  pm  spot  size.  Half  wave  plates  were  used  to  rotate  the  plane  of  polarization  with  respect 
to  the  sample  in  the  laser  excitation  path  and  to  rotate  the  plane  of  polarization  in  the  collection 
path  back  to  its  original  configuration  in  order  to  eliminate  any  errors  introduced  by  the 
dependence  of  the  spectrometer's  grating  and  other  optical  components  on  the  polarization  of 
light.  There  are  four  prominent  spectral  bands  of  graphene  in  the  wavelength  range  from  1300- 
2700  cm'1.  Each  band  can  be  used  as  a  tool  to  probe  different  material  characteristics.  The  G' 
band  around  2700  cm'1  (sometimes  referred  to  as  the  2D  band)  provides  unambiguous 
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information  about  the  number  of  constituent  graphene  layers  [9,10].  This  phonon  band  originates 
from  inter- valley  scattering  of  two  in-plane  transverse  optical  (iTO)  phonons  at  the  K  and  K' 
points  at  the  edges  of  the  Brillouin  zone  [11,12],  The  impact  of  the  number  of  layers  on  the  G' 
band  is  shown  in  Figure  la.  In  single-layer  graphene,  the  G'  band  can  be  approximated  by  a 
single  Lorentzian  function  (Figure.  14a,  lower  panel),  whereas  several  Lorentzian  functions  are 
required  in  the  case  of  multilayer  graphene  (Figure  14a,  middle  and  upper  panels),  reflecting  the 
splitting  of  the  electronic  bands  and  phonon  branches  [13].  After  peak  deconvolution  we  found 
that  the  difference  in  frequencies  of  the  two  dominant  subcomponents  of  the  G'  band  increases 
with  the  number  of  graphitic  layers,  with  values  comparable  to  the  ones  reported  in  the  literature 
[19].  Our  investigation  focuses  on  exfoliated  flakes  which  have  been  identified  as  bilayer 
graphene. 


2600  2675  2750 

Raman  Shift  (cm1) 


Figure  14  a)  Raman  spectrum  of  the  G’  band  taken  from  a  monolayer  (bottom),  bilayer  (middle),  and 
trilayer  graphene  flake,  b)  Polarization  dependence  of  the  G  band  recorded  from  the  interior  points  of 
monolayer  graphene  (black  dots),  from  a  predominantly  armchair  edge  (blue  triangles),  and  a 
predominantly  zigzag  edge  (red  squares),  c)  Polarization  dependence  of  the  G  band  for  three  different 
armchair  edges.  All  data  are  recorded  at  room  temperature  using  an  excitation  wavelength  of  532  nm. 


While  the  G'  band  is  useful  in  layer  metrology  analysis,  the  D  and  D'  bands  can  be  used  for  edge 
chirality  determination.  Raman  spectra  of  different  edges  of  bilayer  flakes  were  recorded  under 
the  same  polarization  conditions  and  selected  from  a  single  large  area  flake.  One  particular  edge 
was  identified  as  being  zigzag  using  D  /  D'  band  spectroscopy  (see  discussion  below)  and  used  as 
a  reference  for  measuring  all  subsequent  edge  angles.  Interestingly,  several  of  the  edges  possess 
pronounced  D  (1350  cm'1)  and  D'  (1620  cm"1)  bands,  while  others  lack  both  bands.  The  D  band 
originates  from  inter- valley  scattering  that  connects  two  adjacent  K  &  K'  points  at  the  Brillouin 
zone  boundary  via  a  second  order  process  that  requires  one  iTO  phonon  and  a  symmetry 
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breaking  perturbation  such  as  an  armchair  edge  for  its  activation  [14].  Similarly,  the  D'  band  is  a 
weak  intra-valley  transition  that  requires  one  iLO  phonon  and  a  symmetry  break.  The  presence 
(absence)  of  these  bands  has  been  shown  to  correspond  to  armchair  (zigzag)  chiralities  in  both 
single  layer  graphene  as  well  as  HOPG.  Based  on  the  fact  that  the  chirality  of  a  given  edge 
changes  in  multiples  of  30°,  odd  multiples  correspond  to  edges  with  opposite  chirality  and  even 
multiples  correspond  to  edges  with  the  same  chirality.  Other  edges  can  be  identified  as  either 
predominantly  zigzag  or  armchair  depending  if  the  angle  they  make  with  respect  to  the  edge  is 
closer  to  an  even  or  an  odd  multiple  of  30°.  Thus  the  angle  metrology  and  the  correlation  with  the 
presence  or  absence  of  the  D-band  allows  us  to  make  a  distinction  between  armchair  and  zigzag 
edges.  However,  the  D  band  does  not  provide  unambiguous  information  about  edge  purity  since 
it  does  not  change  its  oscillator  strength  accordingly  and  was  found  not  to  exhibit  strong 
polarization  dependence. 

In  contrast  to  the  D  band,  we  found  that  the  G  band  around  1580  cm'1  does  provide  information 
about  the  fractional  edge  composition.  The  G  band  arises  from  a  doubly  degenerate  intra-valley 
process  that  originates  from  scattering  of  an  iTO  phonon  or  an  iLO  phonon  at  the  center  of  the 
Brillouin  zone.  For  pure  zigzag  edges,  the  intensity  of  the  G  band  is  expected  to  be  maximum  for 
an  excitation  beam  polarization  that  is  perpendicular  to  the  edge.  Conversely,  for  armchair  edges 
its  intensity  maximizes  for  the  incident  excitation  beam  polarization  that  is  parallel  to  the  edge. 
This  phenomenon  is  still  present  for  mixed  edges,  however,  the  degree  of  the  polarization 
contrast  is  diminished  and  is  proportional  to  the  amount  of  mixing  of  zigzag  and  armchair 
boundaries.  Purely  random  edges,  i.e.  edges  comprised  of  equal  amounts  of  zigzag  and  armchair 
boundaries,  are  not  expected  to  exhibit  any  polarization  dependence.  We  found  that  the  intensity 
of  the  G  band  of  the  armchair  and  zigzag  edges  has  a  strong  polarization  dependence,  that  is  90° 
out  of  phase  with  respect  to  each  other,  as  demonstrated  in  Figure  14b.  Furthermore,  the  G  band 
shows  no  polarization  dependence  far  from  the  edges,  as  shown  by  the  black  circles  in  Figure  lb, 
obtained  at  the  center  of  the  flake.  Similar  non-polarized  data  were  obtained  at  numerous 
different  points  away  from  the  edges  and  across  the  entire  flake.  Previous  experiments  on  the  G 
band  found  a  variation  in  amplitude  when  scanning  across  a  flake  at  various  interior  points  [16], 
which  is  related  to  Kohn  anomalies  and  an  underlying  non-uniform  strain  or  deformation 
potential  [17].  Consequently,  the  lack  of  polarization  dependence  at  interior  points  is  indicative 
that  the  observed  phenomenon  in  our  experiments  arises  from  the  different  allowed  and 
forbidden  phonon  modes  at  the  edges  of  the  flakes  and  not  from  strain-related  effects.  The 
presence  (absence)  of  the  D  band  is  strongly  correlated  to  30°  multiplicity  of  the  edges  as 
discussed  above.  This  effect  originates  from  the  fact  that  only  the  longitudinal  (transverse) 
optical  phonon  mode  is  a  Raman  active  mode  near  the  armchair  (zigzag)  edge.  Since  the  physical 
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mechanism  that  gives  rise  to  the  G  band  originates  from  scattering  of  a  doubly  degenerate  iTO 
and  an  LO  phonon  at  the  zone  boundary,  the  G  band  should  be  better  suited  for  mapping  edge 
states  with  mixed  chirality. 

To  this  end  we  recorded  the  polarization  contrast  of  the  G  band  for  3  different  edges,  as  shown  in 
Figure  lc.  We  found  strong  correlation  of  the  relative  intensity  change  with  the  multiplicity  of 
those  edges.  In  contrast,  the  intensity  of  the  D  band  showed  little  sensitivity  on  the  incident 
photon  polarization.  More  precisely,  the  particular  edge  which  is  90°  to  the  dominant  zigzag  edge 
has  the  highest  (50  %)  polarization  contrast  (purple  squares  in  Fig.lc)  while  edges  with  78°  and 
72°  tilt  angle  display  a  polarization  contrast  of  26%  (green  dots)  and  10%  (red  triangles), 
respectively.  It  should  be  noted  that,  in  all  cases,  the  polarization  dependence  of  the  G-band 
tends  to  a  minimum  value,  but  never  vanishes,  suggesting  that  although  the  edge  is  comprised  of 
mostly  armchair  constituents,  it  is  not  atomically  clean  within  the  detection  area.  This  verifies 
prior  experimental  results  [34],  which  show  that  atomically  smooth  edges  are  very  rarely 
obtained  using  micromechanical  exfoliation.  As  a  result,  for  mixed-state  edges  we  observe  that 
the  G  band  polarization  contrast  reflects  the  fractional  composition  of  armchair  and  zigzag  edges 
and  provides  thus  information  about  the  purity  of  the  edge,  which  serves  as  a  convenient  process 
monitor  to  characterize  the  degree  of  edge  state  purity  in  patterned  graphene. 

2. 1 0.  Graphene  Antidot  Superlattices 

To  elucidate  the  role  of  the  localized  edge  state  density  and  its  influence  on  the  electronic  and 
optical  properties,  we  introduced  a  controlled  amount  of  edges  by  nanopatteming  of  graphene. 
Various  antidot  superlattices  were  etched  onto  the  exfoliated  flakes  using  electron  beam 
lithography,  following  an  initial  Raman  characterization  to  identify  the  number  of  layers.  Figure 
15a  shows  an  antidote  superlattice  and  illustrates  the  filling  fractions  F  =  <j)/s  of  antidots,  where  § 
is  the  antidote  diameter  and  s  is  the  dot  separation.  In  accordance  with  previous  experimental 
results  [18,19],  the  corresponding  Raman  spectra  display  an  energetic  shift  and  linewidth 
narrowing  of  the  G-band  with  increasing  filling  fraction.  The  observed  stiffening  of  the  G  band 
from  initial  16.7  cm'1  in  unpattemed  graphene  to  6.6  cm'1  at  a  filling  fractions  of  two  can  be 
understood  in  terms  of  the  Landau  damping  of  the  phonon  mode,  while  the  energetic  shift  arises 
from  a  renormalization  of  the  phonon  energy  [18,20],  Furthermore,  we  observed  that  the 
energetic  shift  of  the  G-band  is  positively  correlated  with  the  shift  of  the  G’-band,  which  is 
indicative  of  an  effective  p-doping  of  the  underlying  graphene  layer  [21,22],  In  contrast,  a 
negative  correlation  in  the  energetic  shifts  of  the  G  and  G’  bands  would  imply  n-doping.  In  order 
to  correlate  shift  and  stiffening  of  the  G-band  in  antidot  superlattices  to  an  underlying  carrier 
density,  we  fabricated  electrically  contacted  devices  without  an  antidot  lattice,  as  shown 
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schematically  in  Figure  15b.  Using  the  electrical  field  effect  of  the  back  gate,  the  sheet  carrier 
density  Ans  was  modulated  and  the  stiffening  and  energetic  shift  of  the  G-band  in  the  unpattemed 
samples  was  used  to  estimate  the  edge  state  density  in  the  antidot  superlattice.  From  these  data 
the  amount  of  p-doping  in  the  antidot  samples  was  determined  to  reach  up  to  4-10  cm'  at  a 
filling  fraction  of  two,  and  was  not  found  to  depend  on  the  number  of  graphene  layers.  The  large 
amount  of  effective  p-doping  is  rather  remarkable  since  neither  extrinsic  dopants,  nor  an  external 
gate  potential  were  applied  to  the  antidot  samples. 


Figure  15  a)  Scanning  electron  microscope  (SEM)  image  of  a  graphene  antidot  superlattice  fabricated  by 
electron  beam  lithography,  b)  SEM  of  an  unpattemed  2  micron  long  stripe  of  graphene  with  the 
corresponding  contacting  scheme  to  study  optical  emission  and  Raman  signals  under  applied  source-drain 
and  back-gate  bias,  c)  Schematic  explanation  Fermi-level  pinning  which  occurs  at  the  periphery  were  the 
localized  edge  states  Neage  are  located  together  with  a  sketch  of  the  resulting  band  bending. 

The  remarkable  amount  of  free  carriers  in  the  presence  of  an  antidote  lattice  might  originate  from 
an  effective  electrical  field  created  by  the  presence  of  localized  edge  states.  To  further 
investigate  the  microscopic  origin  of  the  observed  p-doping  we  fabricated  graphene-dye  hybrids. 
The  idea  is  that  the  fluorescence  and  Raman  emission  of  the  attached  dye  molecules  can  act  as  an 
optical  monitor  for  the  underlying  changes  in  carrier  dynamics  and/or  the  electrical  field  profile 
in  the  nanopatterned  graphene  flakes.  Both,  antidot  flakes  and  electrically  contacted  devices  were 
soaked  in  a  15  nanomol  solution  of  Rhodamine  6G  (R6G).  In  these  experiments,  the  R6G  Raman 
peaks,  the  R6G  fluorescence,  and  the  Raman  signal  from  graphene  were  monitored  as  a  function 
of  the  antidot  filling  fraction  F  as  well  as  different  backgate  and  source-drain  biases  on  the 
unpattemed  flakes.  Our  results  indicate  that  the  R6G  fluorescence  emission  around  577  nm  is 
moderately  quenched  on  the  unpattemed  graphene  substrate  as  compared  to  the  fluorescence  on 
the  bare  Si02  wafer.  Remarkably,  the  fluorescence  is  quenched  even  more  strongly  in  the  region 
where  the  antidot  superlattices  are  located.  It  was  found  that  the  amount  of  R6G  fluorescence 
quenching  increases  with  increasing  filling  fraction  of  the  antidots.  When  the  relative  intensity  of 
the  broad  fluorescence  signal  was  normalized  to  the  intensity  of  R6G  fluorescence  on  the  bare 
SiC>2  substrate  a  quenching  up  to  a  factor  of  five  for  the  largest  realized  filling  fraction  was 
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estimated.  In  contrast  to  the  quenching  fluorescence  signal,  the  intensity  of  the  Raman  signals 
from  both  R6G  and  graphene  were  found  to  increase  six-fold  with  increasing  filling  fraction,  i.e. 
increasing  density  of  edge  states  Nedge-  The  fluorescence  quenching  may  be  understood  as 
follows.  The  incident  laser  light  creates  electron-hole  pairs  in  the  R6G  dye.  In  the  absence  of  the 
graphene  substrate  the  electron  hole  pairs  in  the  dye  molecules  recombine  radiatively,  thereby 
giving  rise  to  the  fluorescence  signal  on  the  bare  Si02  wafer.  It  was  previously  shown  that 
placing  quantum  dots  on  top  of  graphene  results  in  an  energy  transfer  from  the  dots  into  the 
underlying  graphene  layer  [23],  resulting  in  a  suppression  of  blinking  from  the  quantum  dots.  A 
similar  effect  is  expected  to  occur  for  the  R6G  molecules  on  graphene,  where  the  radiative 
recombination  of  the  excitons  in  the  R6G  molecule  is  suppressed.  In  our  experiments,  additional 
quenching  of  the  fluorescence  signal  in  the  antidot  regions  was  observed  as  described  above.  The 
additional  quenching  can  thus  be  understood  to  arise  from  the  extra  states  at  the  edges  Nedge,  that 
effectively  prevents  radiative  recombination  of  the  electron-hole  pairs,  and  therefore  quench  the 
fluorescence  signal.  The  amount  of  quenching  observed  in  our  experiments  is  rather  remarkable 
since  increasing  the  antidot  filling  fraction  decreases  graphene’s  surface  area  and  introduces 
larger  areas  of  SiC>2  into  the  excitation  volume  on  which  the  fluorescence  is  not  quenched. 

In  order  to  further  elucidate  the  mechanism  for  fluorescence  quenching  and  the  nature  of  Nedge 
we  fabricated  electrically  contacted  and  back-gated  graphene  flakes,  which  did  not  contain  an 
antidote  superlattice,  as  shown  in  Figure  2b.  Varying  the  backgate  voltage,  effectively  moves  the 
Fermi  level  in  the  device  thereby  affording  the  possibility  of  in-situ  electron  and  hole  doping  of 
the  graphene  flake  according  to  Ans  =  Cg  (Vg  -  Vou-acJ/e,  where  Cg  is  the  gate  capacitance,  Vg  is  the 
applied  gate  voltage,  Voirac  is  the  location  of  the  Dirac  point,  and  e  is  the  electron  charge  [54-56]. 
Modulating  the  Fermi  level  with  the  backgate  creates  a  free  sheet  carrier  density  in  the 
underlying  graphene  layer.  It  was  found  that  the  intensities  of  both  the  Raman  peaks  as  well  as 
the  fluorescence  signal  can  be  either  quenched  or  enhanced  by  the  applied  gate  bias,  and  directly 
follow  the  free  carrier  density  in  the  device.  It  is  evident  that  the  enhancement  of  the  Raman 
peaks  achieved  in  antidot  devices  occurs  at  comparable  concentrations  of  Nedge  and  sheet  carrier 
densities  ns  in  unpattemed  samples.  Unlike  the  Raman  peaks,  the  R6G  fluorescence  is  strongly 
quenched  in  the  nanopattemed  samples,  whereas  it  is  enhanced  in  the  electrically  gated  samples. 
The  contrasting  behavior  of  the  fluorescence  signal  is  strongly  indicative  of  the  different  nature 
of  the  carriers  in  the  antidot  superlattice  as  compared  to  unpattemed  graphene,  and  can  be  used 
to  establish  a  microscopic  mechanism  for  the  observed  fluorescence  quenching  and  p-doping  in 
the  nanostructured  samples. 

Two  possible  mechanisms  could  be  responsible  for  fluorescence  quenching:  charge  transfer  from 
R6G  into  the  trap  states  that  are  created  by  the  additional  edge  state  density  or  electrical  field 
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dissociation  of  the  radiative  R6G  exciton,  which  leads  to  a  strong  decrease  in  the  exciton 
recombination  rate  due  to  the  reduced  electron-hole  wavefunction  overlap  in  an  electric  field. 
Although  charge  transfer  into  trap  states  could  account  for  the  decrease  of  the  fluorescence 
intensity,  it  cannot  explain  the  observed  stiffening  and  the  energetic  shift  of  the  G-band  phonon 
in  graphene,  both  of  which  require  an  electric  field  effect.  In  contrast,  the  field  dissociation 
mechanism  explains  both  phenomena,  as  well  as  the  absence  of  fluorescence  quenching  in 
unpattemed  graphene  under  back-gate  sweeping.  Since  the  edge  states  create  spatially  localized 
carriers,  which  are  immobile,  they  would  not  cause  the  G-band  stiffening.  However,  their 
presence  effectively  pins  the  Fermi  level  at  the  edges,  thereby  bending  the  band  structure 
throughout  the  entire  antidot  superlattice,  since  no  localized  states  exist  in  graphene’s  basal  plane 
and  the  Fermi  level  must  remain  continuous,  as  shown  schematically  in  Figure  2c.  This  band 
bending  creates  an  effective  potential,  i.e.  a  built-in  lateral  electrical  field,  that  accounts  for  the 
dissociation  of  the  R6G  excitons,  resulting  in  the  observed  fluorescence  quenching.  In  contrast, 
the  vertical  back-gate  field  of  the  unpattemed  graphene  device  does  not  lead  to  band  bending, 
while  the  created  free  carrier  density  can  effectively  feed  the  carrier  capture  into  the  R6G 
molecules,  causing  the  observed  fluorescence  enhancement.  The  Raman  signals  are  enhanced  by 
the  electrical  field  mechanism  providing  free  carriers  in  both  cases.  Finally,  the  effect  of  the 
built-in  electrical  field  may  be  estimated  to  first  order  from  the  amount  of  p-doping  that  it 
introduces.  In  graphene,  doping  is  commensurate  with  the  movement  of  the  Fermi  level  into  the 
conduction  or  valence  bands  by  the  electrical  field.  The  band  offset  AEF  as  a  function  of  doping 
concentration  n  is  given  by  A E  =  r\vFkF-  where  r\  is  the  Planck’s  constant,  vF  is  the  Fermi 

velocity,  and  kF  is  the  Fermi  wave  vector,  which  in  graphene  is  given  by  kF  =  n  .  The  antidot 
lattices  used  in  our  experiments  yielded  doping  concentrations  on  the  order  of  0.5-4T012  cm'2, 
which  correspond  to  band  offsets  of  AEF  =  90-260  meV.  The  Fermi  level  pinning  at  the  localized 
carrier  density  in  the  antidot  superlattice  is  similar  to  Fermi  level  pinning  of  a  Schottky  barrier  at 
an  graphene-metal  interface  that  is  used  to  separate  photogenerated  carriers  in  optoelectronic 
devices  based,  for  example,  on  carbon  nanotubes.  In  our  case,  however,  no  metal  was  deposited 
onto  graphene  and  the  pinning  occurs  at  the  localized  edge  states  that  are  a  direct  consequence  of 
the  antidot  superlattice. 

3.  SUMMARY 

We  have  successfully  fabricated  in-plane  grown  arrays  of  purely  semiconducting  SWNTs  by 
utilizing  tailored  nanoscale  catalyst  patterns,  an  optimized  low-pressure  CVD  growth  process, 
and  an  electrical  bum-in  technique.  For  segmentation  of  bridged  CNTs  into  QDs,  both  AFM- 
based  local  oxidation  and  a  top-contacting  approach  have  been  incorporated.  We  have 
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characterized  200  nm  short  SWNT  segments  and  successfully  observed  conductance  oscillations 
in  the  Coulomb  blockade  regime  up  to  200  K,  demonstrating  SET  operation  of  our  devices.  We 
are  in  the  process  of  further  studying  and  improving  the  SET  device  performance  by  further 
reducing  hysteresis  and  by  creating  SWNT-QD  devices  with  much  shorter  segment  length,  such 
that  the  SET  devices  can  operate  at  room  temperature.  For  graphene  research,  the  conductivity 
oscillations  were  observed  with  aperiodic  spacing  to  only  one  side  of  the  tunneling  current  in  a 
dual-gated  graphene  field  effect  transistor  with  an  n-p-n  type  potential  barrier.  This  observation 
is  of  importance  for  future  development  and  modeling  of  graphene  based  nanoelectronic  devices. 
Further,  we  have  investigated  the  influence  of  graphene’s  chiral  edges  on  the  electronic  and 
optical  properties.  It  was  found  that  the  Raman  G  band  (1580  cm'1)  in  bilayer  graphene  is 
particularly  sensitive  to  the  laser  polarization  with  its  intensity  dependence  being  out  of  phase  by 
90°  in  the  armchair  and  zigzag  case.  Moreover,  we  found  that  the  G  band  polarization  contrast 
reflects  the  fractional  composition  of  armchair  and  zigzag  edges,  providing  a  convenient  optical 
monitor  to  characterize  the  degree  of  edge  state  purity  in  graphene.  To  elucidate  the  role  of  the 
localized  edge  state  density  we  introduced  a  controlled  amount  of  edges  by  nanopatteming 
graphene  into  antidot  superlattices.  The  nanopatteming  was  found  to  result  in  an  effective  p-type 
doping  which  increases  with  larger  filling  fractions,  as  evident  from  the  corresponding  Raman 
signatures.  Further,  we  showed  that,  after  depositing  dye  molecules  on  these  flakes,  the 
corresponding  fluorescence  signal  is  strongly  quenched  with  increasing  antidot  filling  fraction, 
while  the  Raman  signal  is  enhanced.  These  results  are  indicative  to  a  microscopic  mechanism  in 
which  the  Fermi  level  becomes  pinned  at  the  antidot  periphery  giving  rise  to  a  built-in  electric 
field,  which  accounts  for  the  fluorescence  quenching  and  the  observed  p-type  doping  in 
nanopattemed  graphene.  These  findings  make  antidot  superlattices  of  great  interest  for  carbon- 
based  optoelectronics  and  might  be  particularly  useful  for  light-harvesting  applications  such  as 
photodetectors  and  solar  cells  requiring  efficient  field  separation  of  electron-hole  pairs. 
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